Objective: Predictable patterns of atrophy are associated with the clinical subtypes of frontotemporal dementia (FTD): behavioral variant (bvFTD), semantic dementia (SEMD), and progressive nonfluent aphasia (PNFA). Some studies of pathologic subtypes have also suggested specific atrophy patterns; however, results are inconsistent. Our aim was to test the hypothesis that clinical, but not pathologic, classification (FTD with ubiquitin inclusions [FTD-U] and FTD with tau inclusions [FTD-T]) is associated with predictable patterns of regional atrophy.
Whereas a number of neuroimaging studies [1] [2] [3] have identified the cerebral associations of the three clinical syndromes, the patterns of cerebral atrophy for the histologic subtypes are more elusive, with studies reporting inconsistent findings. [4] [5] [6] [7] The goal of this study was to address this issue by contrasting histologic and clinical subtype atrophy profiles, and then analyzing the differences and commonalities between each cohort. Finally, clinically diagnosed FTLD can sometimes represent a false-positive in that Alzheimer pathology rather than FTLD-associated histology is found at postmortem. [8] [9] [10] [11] Three patients in this category were available (hereafter designated as FTD-A) to examine 1) whether atrophy would be qualitatively different from FTD-U and FTD-T and 2) whether the pattern of atrophy would differ from that seen in typical clinical Alzheimer disease (AD) as this could inform understanding of how Alzheimer pathology can produce clinical FTLD look-alikes. METHODS Patients. Eighteen patients (9 FTD-U, 6 FTD-T, 3 FTD-A) and 25 age-and sex-matched healthy controls participated. Patient inclusion criteria were clinical diagnosis of an FTLD syndrome, an appropriate magnetic resonance scan in life, and postmortem confirmation of histopathologic subtype. All patients were clinically diagnosed according to the current consensus criteria 12 as having bvFTD, SEMD, or PNFA. Clinical syndromic diagnosis was based on the clinical profile of the patients alone (imaging findings were not considered). The FTD-A group comprised three patients with the clinical syndrome of SEMD, one of whom was reported in previous pathologic studies 8, 13 ; a second patient in this group had the neuropsychological syndrome of SEMD; however, it is worth highlighting that her advanced age (80 years when scanned) and the presence of delusional beliefs had led to an antemortem suspicion that she may have had atypical AD pathology. Additional clinical details are provided in the supplementary material on the Neurology ® Web site at www.neurology.org. The breakdown of clinical syndromes in each pathologic category, together with symptom duration, Mini-Mental State Examination (MMSE) score, 14 and general demographics, at the time of the magnetic resonance scan is summarized in the table. Informed consent was obtained from patients. The study was approved by the Local Regional Ethics Committee.
Histologic examination and classification. Either whole brain or left hemisphere was fixed in formalin within 48 hours of death. The pathology protocols followed have been described in detail previously. 8, 15 Alzheimer pathology in the three FTD-A cases was Braak stage ՆV. The patients in the FTD-T category comprised three with Pick pathology (one PNFA, two SEMD) and three with a Pick body-negative tauopathy with ballooned achromatic neurons suggestive of corticobasal pathology (one bvFTD, one PNFA, and one SEMD). Seven out of nine FTD-U patients were TAR DNA binding protein (TDP43) positive.
Imaging. For imaging details, see table e-1. Scans were obtained using a 1.5 T GE MRI scanner (GE Medical Systems, Milwaukee, WI). A T1-weighted three-dimensional inversionrecovery fast spoiled gradient echo sequence with echo time of 4.2 msec, inversion time of 650 msec, and flip angle of 20°was used for acquisition. Scans were acquired coronally and had voxel dimensions of 0.86 ϫ 0.86 ϫ 1.5 mm 3 or 0.86 ϫ 0.86 ϫ 1.8 mm 3 . Validation of the method for combining scans of different slice thickness was undertaken previously 16 and is described in appendix e-1.
Statistical analysis.
All scans were optimally preprocessed as explained in appendix e-1. Data were analyzed in SPM5 to test for differences in gray matter volume. Contrasting cohorts were considered in a two-population group comparison to provide an overall indicator of atrophic regions in the diseased groups. The conjunction analysis was performed using the conjunction null hypothesis without further contrast masking. 17 Total intracranial volume (details in appendix e-1) for each subject was entered as a confounding covariate. Due to the low gray matter volumes in the temporal lobe region in many of the patients, the voxel threshold for 
*Three controls had not taken the MMSE. †One FTD-U/bvFTD patient declined to take the MMSE. inclusion in the analysis was lowered to the heuristic value of 20% of the mean voxel value over the brain. An explicit mask was added in order to limit the interference of partial volume effects with CSF. This mask was created in SPM by averaging together the unmodulated segments of gray matter, white matter, and CSF of all 25 controls and thresholding the result at 50%. Analyses were performed in both histopathologic and clinical subtypes: FTD-U and FTD-T were each contrasted separately to controls and a conjunction analysis was performed to examine areas of common abnormality. The patients were then recategorized according to clinical syndrome (bvFTD, SEMD, and PNFA) and each was contrasted to controls. As there were sufficient numbers with SEMD, analyses of this group divided into FTD-U and FTD-T were undertaken to control for the confound of clinical syndrome. Finally, the three FTD-A patients were contrasted with controls. As the FTD-A patients all had a diagnosis of SEMD in life, these results could also be compared to the true SEMD group (i.e., clinical SEMD with an FTLD spectrum pathology). Conjunction analyses were also undertaken to explore areas of common atrophy between clinical subgroups (PNFA, SEMD, and bvFTD) and between true SEMD and FTD-A.
The statistical threshold for significance was set at a false discovery rate of p(corrected) ϭ 0.05. 18 A more stringent familywise error threshold of p(corrected) ϭ 0.05 was also used for controls vs FTD-U and controls vs SEMD. For all contrasts, the extent threshold (k) was set at 200 voxels, except in the conjunction analyses in which k ϭ 0. Given that the number of patients available differed in each contrast, the statistical power varied across contrasts and the extent of the areas of significant atrophy was likely to be influenced by this varying power. Consequently, interpretation of results focused on the qualitative profile of the SPMs (i.e., region X worse than region Y worse than region Z).
Nonparametric statistical analyses were also performed in the PNFA and FTD-A cohorts given the limited number of subjects (appendix e-1). 22, 38] mm, t value 7.49, z score 5.48, expanding also around [Ϫ2, 36, 22] mm, t value 6.00 and z score 5.24). The conjunction analysis confirmed the similarity of results in that everything that was abnormal in FTD-T was also abnormal in the conjunction analysis; i.e., all of the abnormalities in the FTD-T were subsumed within the more statistically powered FTD-U analysis. For this analysis, the principal significant locations included the left insula (around [Ϫ34, 22, 0] mm, t value 7.43, z score 6.22), the mesial frontal lobes ([Ϫ2, 26, 36] mm, t value 7.33, z score 6.15), and the left temporal lobe ([Ϫ54, 8, Ϫ26] mm, t value 5.34, z score 4.73). The left caudate nucleus was also observed to be significant in both groups ([Ϫ8, 14, 2] mm, t value 6.26, z score 5.48). SEMD, bvFTD, and PNFA. SEMD was associated with asymmetric (left worse than right) rostral temporal lobe atrophy (around [Ϫ26, Ϫ8, Ϫ30] mm, t value 11.18, z score 6.91, and around [Ϫ40, Ϫ10, Ϫ38] mm, t value 10.75, z score 6.77) with less significant involvement of the mesial frontal lobes and insulae (figure 2). In bvFTD, the most significant abnormality was mesial frontal atrophy ([4, 20, 46] mm, t value 6.65, z score 5.00, and [Ϫ2, 44, Ϫ2] mm, t value 6.26, z score 4.81), followed by insulae/frontal opercula (right worse than left) regions ( figure 3 ). PNFA was associated with insula/frontal operculum atrophy (left worse than right, notably around locations [Ϫ38, 18, Ϫ8] mm, t value 5.18, z score 4.29, and [Ϫ40, 14, Ϫ6] mm, t value 5.01, z score 4.19) along with scattered small clusters across the dorsolateral prefrontal convexity, mesial frontal, and parietal regions ( figure 3 ). Nonparametric statistical analysis of the PNFA group produced marked attenuation of abnormalities in these latter areas, leaving the left insula as the key remaining area of abnormality (figure e-1). All conjunction analyses detected the mesial frontal lobe as the most significant common atrophic area between each pair of clinical profiles of FTD (figure e-2).
RESULTS

FTD-U and FTD-T within the SEMD group.
In SEMD with either FTD-U or FTD-T, the results were similar to that of the whole SEMD group (described above) but differed qualitatively from the whole FTD-U or FTD-T analyses (figure 2). Atrophy for FTD-U within the SEMD group included the right temporal pole (around the [40, 18, Ϫ28] mm location, t value 11.91, z score 6.91), left temporal lobe ( Ϫ32, Ϫ10] mm, t value 6.59, z score 4.97) ( figure  3 ). The nonparametric approach confirmed this finding (figure e-1). Atrophy remained exclusively left-lateralized after reducing the statistical threshold to p Ͻ 0.001 (uncorrected) though at this level, atrophy of the left superior temporal gyrus also emerged ( figure 3 ). In view of the qualitative differences in these results compared to FTLD/SEMD, the raw MRI scans were examined to see if this was apparent in individual patients. These images suggest that while FTD-A patients had temporal lobe atrophy compared to controls, there was absence of knifeedge atrophy and, most notably, absence of the severe thinning of the temporal lobe in the region of the collateral sulcus and fusiform gyrus that was evident in the FTLD/SEMD patients ( figure 4) . The conjunction analysis of SEMD and FTD-A clearly showed the left hippocampus as the main area of atrophy common to both pathologies. DISCUSSION These VBM analyses found that FTD-U and FTD-T are associated with similar patterns of atrophy. When the data were reanalyzed according to clinical syndrome, qualitatively different patterns of regional atrophy were identified. Notably, SEMD with Alzheimer pathology (FTD-A) was qualitatively different both from the other pathologic groups and from SEMD with FTLD pathology.
The analyses by clinical syndrome reconfirmed the regional degeneration profiles. Consistent with previous studies, the bvFTD group had degeneration maximal in the mesial frontal regions 3, 19, 20 ; SEMD was associated with maximal abnormality in the ros- The statistical threshold is false discovery rate ϭ 0.05, except for the boxed images in FTD-U (family-wise error ϭ 0.05). The coronal slices' location is shown in the axial slice (from left to right). FTD-T ϭ frontotemporal dementia with tau inclusions; FTD-U ϭ frontotemporal dementia with ubiquitin inclusions.
tral temporal lobes (left worse than right in this cohort) 1, 20, 21 ; PNFA was associated with maximal abnormality in the left insula. 2 When analyzed in conjunction with another clinical syndrome, each group revealed the mesial frontal region as the main common atrophic area. This is consistent with the observation that neuropsychiatric features are not restricted to those with bv-FTD 22 and that these behavioral changes correlate with mesial frontal atrophy. 23 The analysis according to FTLD histopathologic type was also consistent with previous reports, [4] [5] [6] insofar as the FTD-U and FTD-T groups were associated with frontotemporal atrophy. In the present cohorts, this was maximal in the mesial frontal, insula, and rostral temporal lobes bilaterally. The abnormalities were more extensive in the FTD-U group-probably a consequence of greater statistical power. The qualitative profile of atrophy in the FTD-U and FTD-T groups was similar as illustrated in the conjunction analysis where the results were essentially the same as those for the FTD-T analysis-in other words, everything that was abnormal in FTD-T was also abnormal in the larger FTD-U group.
The observation that clinical syndromes, but not FTLD histologic subgrouping, were associated with qualitatively different atrophy profiles was exemplified by the SEMD analyses. When SEMD-U and SEMD-T cases were analyzed separately, the results were consistent with the findings of the combined clinical SEMD group but not with the combined FTD-U or FTD-T groups. In other words, regional atrophy and clinical phenotype are linked but histologic subgroup is not. Furthermore, the results from the present analyses were unable to replicate previous positive findings such as that FTD-U was associated with greater temporal lobe atrophy 5 or that FTD-T was associated with greater striatal atrophy. 6 We would propose that where differences in histopathologic subgroups have been reported to date, it more likely represents the idiosyncrasies of the patients included rather than anything specific to the histopathologic type per se. For instance, it was noted in one study 6 that an FTD-T group, in whom there was disproportionate striatal atrophy, also had parkinsonism. Taken together with the current results and the lack of replication of atrophy patterns in FTD-T and FTD-U across all of the studies, it would seem that the most parsimonious interpretation of this finding was the FTD-T cohort happened to have striatal atrophy and hence parkinsonism but that disproportionate striatal atrophy itself is not specific to FTD-T (note that in the current study, some striatal atrophy was detected in FTD-T and the same was seen in FTD-U).
While FTD-U and FTD-T had the same atrophy patterns, this was not the case in FTD-A, in which there was the markedly different profile of focal left hippocampal atrophy. By chance, the three FTD-A cases all had the syndrome of clinical SEMD, meaning that they could be compared with the true SEMD group (i.e., the clinical syndrome of SEMD with an FTLD histopathology). When examined Regions of gray matter atrophy for bvFTD and PNFA groups
The coronal slices' location is shown in the axial slice (from left to right). False discovery rate ϭ 0.05. bvFTD ϭ behavioral variant frontotemporal dementia; PNFA ϭ progressive nonfluent aphasia.
from this perspective, the FTD-A cases were also qualitatively different in that they did not have significant extrahippocampal temporal lobe atrophy (and when it emerged at a lowered statistical threshold, it affected the superior temporal gyrus-the least affected part of the temporal lobe in FTLD/SEMD). A conjunction analysis of FTD-A and SEMD highlighted that left hippocampal atrophy was common to both groups (figure e-3), consistent with previous findings from manual volumetry. 24 The FTD-A VBM profile was identified in only three cases, suggesting that the quality of temporal lobe atrophy in cases with apparent clinical SEMD may help differentiate those with atypical Alzheimer pathology. Translation back from VBM to examination of the raw MRI scans suggested that severe focal atrophy in the collateral sulcus and fusiform gyrus can differentiate FTLD/SEMD from those with a SEMD-like syndrome and Alzheimer pathology. This region is known to be severely atrophic in SEMD [24] [25] [26] ; the present findings suggest that this could potentially have diagnostic utility and warrants further exploration in prospective studies.
The other interesting point about the FTD-A finding is that it offers a potential insight into how Alzheimer pathology differs in those with this atypical presentation from clinically typical AD in which memory impairment is the salient deficit. Hippocampal atrophy is a well-established feature of AD although it is typically bilateral-for instance, a recent VBM study in minimal AD using a comparable image processing algorithm to the one reported here showed unequivocal bilateral hippocampal atrophy. 27 The present results suggest that the extreme left lateralization of atrophy may have been a key determinant of why these patients were not identified in life as having AD. One other study reported preferential hippocampal atrophy in three patients with an FTD phenotype but Alzheimer pathology 7 ; although the authors reported bilateral hippocampal atrophy in their cases it should be noted that, unlike the present series, their averaged VBM data were in heterogeneous cases with respect to clinical FTD phenotype.
This study has some limitations that warrant discussion. Most notably, the numbers were not large. This is fairly typical in studies of this type and is difficult to overcome given that each patient must have had a standardized MRI scan in life and pathologic confirmation. As noted by others, 4 the results do not exclude the possibility that tau-or ubiquitinspecific abnormalities might emerge with larger sample sizes. Although this might theoretically offer neurobiological insights, results from large pooled samples would almost certainly not be useful for di-
Figure 4
Coronal slices of three patients from each group
Note that although patients with Alzheimer pathology with semantic dementia have left temporal atrophy, knife-edge changes and disproportionate peri-fusiform atrophy appear absent. FTD-A ϭ Alzheimer pathology with semantic dementia; FTD-T ϭ frontotemporal dementia with tau inclusions; FTD-U ϭ frontotemporal dementia with ubiquitin inclusions.
agnosis of individual patients. Another limitation is the pathologic stratification of patients. As with two previous reports, 4, 6 this study used a binary classification of tau-or ubiquitin-positive. It is conceivable that a more fine-grained stratification (e.g., progranulin mutations, sporadic FTD-U, tau mutations, Pick pathology) could offer more specific insights. The present results, however, suggest that because clinical features have a far more significant association with regional atrophy than histopathology, one would also want to stratify patients according to syndromic diagnosis (SEMD, PNFA, bvFTD) to remove this confounding effect. We propose that this confound is the likely explanation for the FTD-U findings reported previously 5 which, in passing, did attempt a more detailed classification (FTD-U, Pick, and FTDP-17). The authors reported that FTD-U was associated with greater temporal lobe atrophy; in light of the present findings, we would argue that this was probably because their FTD-U sample contained a slight overrepresentation of SEMD and it was this, rather than anything specific to FTD-U, that drove the effect.
